Abstract.-In amino acid polymerization, the tRNA donating its peptidyl moiety to the neighboring aminoacyl-tRNA must be released from the ribosome for further growth of the polypeptide chain. It was not known at what stage of peptide elongation this tRNA is released. To study this question, we prepared ac-C'4-Phe-H3-tRNA using H3-tRNA isolated from E. coli strain 15THU grown in the presence of H3-uracil, and followed the fate of the H3-tRNA during chain growth. Our results indicate that donor tRNA is released during the translocation step, mediated by the soluble factor G and GTP.
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Three elongation factors, Tu, T8, and G, are required for ribosome-dependent amino acid polymerization in bacteria.1-3 Using acPhe-tRNAt as a model chain initiator in poly U-directed phenylalanine polymerization, we found that Tu + T8 function in the binding of Phe-tRNA to ribosomes.4 AcPhe-PhtRNA is formed as a result of this reaction.5 It was further observed that G6 is involved in the translocation of the newly formed dipeptidyl-tRNA from the acceptor to the donor site,4 7-9 thus freeing the acceptor site for another cycle of Tu + T8-directed binding of Phe-tRNA.
During the elongation process, the tRNA donating the initiator or peptidyl moiety must be released from the donor site on the ribosome. It has so far not been determined at what stage this tRNA is released. Seeds and Conway10 have suggested that a heat-stable fraction and GTP are required for removal of inhibitory tRNA during polymerization. Recent experiments by Kuriki and Kajill also indicate that a heat-stable factor and GTP are involved in tRNA release from ribosomes.
We have prepared ac-C14-Phe-H3-tRNA using H3-tRNA isolated from E. coli strain 15THU grown in the presence of H3-uracil, and have examined whether the tRNA bearing the acPhe is released during acPhe-Phe-tRNA synthesis or during the translocation step. Our results indicate that the donor tRNA is released by G and GTP, and that translocation of peptidyl-tRNA is necessary to displace this tRNA from the ribosome.
Preparation and Purification of ac-C14-Phe-H3-tRNA.-E. coli cells, strain 15THU (a gift of Dr. M. Schweiger), were grown to A41% = 0.6 in 10 ml of the medium described by Stern et al.,12 supplemented with 1% vitamin-free casamino acids. An aliquot was then transferred to 10 ml of the same medium containing 40 ,ug of H3-uracil (2.0 mc) in place of the cold uracil. The cells, having incorporated 1.0-1.2 mc of H3-uracil, were pelleted, resuspended in 0.5 ml of a solution containing 0.001 M Tris-HCl, pH 7.2, and 0.01 M magnesium acetate (buffer A), and extracted for 60 mill at 00 with 0.5 ml of phenol saturated with buffer A.'3 The emulsion was centrifuged for 20 min at 30,000 X g, and the lower phenol phase was re-extracted with 0.5 ml of buffer A. The aqueous phases were combined and the nucleic acids were precipitated by addition of 0.1 ml of 20% Kacetate pH 5 Phe-tRNA is eluted by 1 M NaCl and 4.9% ethanol in buffer B, and acPhe-tRNA by 1 M NaCl and 8.5% ethanol in buffer B. The column was first washed with 0.4 M NaCl in buffer B, then successively with 1 M NaCl in buffer B, followed by 1 M NaCl and 6% ethanol in buffer B, and finally with 1 M NaCl and 12% ethanol in buffer B, each time until no further radioactivity was recovered in the eluates. Fractions of 1 ml were collected and l0-Ml aliquots removed for radioactivity determinations. The radioactive fractions eluted in the final ethanol wash were pooled, extensively dialyzed against water, and lyophilized. After resuspension in 0.2 ml of H20, the radioactive product was found to have a high specific activity. It was therefore diluted with ac-C'4-Phe-tRNA purified by BD-cellulose chromatography. The specific activity of the diluted material was determined using the poly U-dependent binding assay, under conditions of limiting ac-C'4-Phe-tRNA.
Preparation of ribosomes and supernatant factors: E. coli B cells were harvested in midlog phase6 and were used to prepare ribosomes as reported previously.5 The supernatant factors T and G were isolated from Ps. fluorescens by chromatography on a DEAEcellulose column as already described.16 The unseparated T factor was used in these experiments.
Results.-Fate of donor H3-tRNA during polypeptide elongation: In a first series of experiments, ac-C14-Phe-H3-tRNA was prebound to ribosomes, followed by the T(TU + T5) and GTP-promoted binding of C12-Phe-tRNA.5 From previous work, it is known that a consequence of this binding reaction is the formation of ac-C14-Phe-Phe-tRNA.5 Table 1 shows that the donor H3-tRNA was not released in spite of extensive ac-C14-Phe-Phe-tRNA synthesis.
These ribosomes carrying ac-C 4-Phe-Phe-tRNA and the donor H3-tRNA were isolated and incubated with G and GTP. The translocation of peptidyl- tRNA from the acceptor to the donor site presumably occurs during this step, with simultaneous movement of mRNA.7 Table 2 shows that in the presence of G and GTP there was a decrease in the amount of donor H3-tRNA bound to the filter, suggesting that this tRNA had been released from the ribosomes. Fusidic acid4' 18 inhibited this reaction, and GMP-PCPI9 could not substitute for GTP. No release was observed at 00 in the presence of G and GTP.
An experiment was then designed to determine if G and GTP would also remove the donor H3-tRNA in the absence of translocation. Ribosomes charged with ac-C-'4Phe-H3-tRNA on the donor site were incubated with puromycin and the effect of G and GTP was studied. As shown in Table 3 , even though an extensive transpeptidation of ac-C'4-Phe to puromycin had occurred liberating the donor H3-tRNA, this tRNA was not released by added G + GTP. 0.6 Ribosomes were charged with ac-C"-Phe-H3-tRNA as described in Table 1 . After the 20-min incubation at 300, 2.5 pg of G, 0.05 pmole of GTP, and 0.2 pmole of puromycin were added where indicated, and the reaction mixture was incubated for 5 min at 300. The Millipore binding assay"7 was used to measure the extent of donor H3-tRNA and ac-C'4-Phe-puromycin release.
Because donor H3-tRNA appeared to be released in the G + GTP step, an attempt was made to correlate this release with acPhe-Phe-tRNA translocation as measured by acPhe-Phe-puromycin formation.4 To this end, ribosomes containing ac-C14-Phe-Phe-tRNA and donor H3-tRNA were prepared as described in Table 2 . Figure 1A shows the kinetics of donor tRNA release in the presence of G and GTP, and Figure lB the rate of translocation of ac-C14-Phe-Phe-tRNA, as determined by acPhe-Phe-puromycin formation. The rate of the puromycin reaction is fast as compared with the rate of translocation of acIhe-Phe-tRNA,20
and thus the kinetics of acPhe-Phe-puromycin formation (Fig. iB) should represent the G and GTP reaction. The results of this experiment indicate that the ratio of donor H3-tRNA released to ac-C'4-Phe-Phe-puromycin formed approximates one to one. pH 5 and extraction of the puromycin products by ethyl acetate.2' In B, the actual experiment yielded both ac-C14-Phe-puromycin and ac-C"L-Phe-Phe-puromycin. For the purposes of this experiment, however, the amount of ac-CUL4Phe-puromycin formed was subtracted from the total puromycin products.
Discussion.-The results presented indicate that after peptide bond formation has taken place the donor tRNA is not released from the ribosomes. It is only during the translocation step involving G and GTP that the donor tRNA is displaced. Fusidic acid, an antibiotic that inhibits the G reaction, prevents the release of donor tRNA; GMP-PCP will not substitute for GTP.
The finding that the donor tRNA is not released by G and GTP during the acPhe reaction with puromycin suggests that its release must be coupled with translocation.
